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Abstract 
Enrichments in Gd and LREE/HREE fractionation have been observed for the dissolved and colloidal fractions in waters of the Alzette River 
during low flow conditions. They can be related to the effluents of the waste water treatment plants (Gd/Gd*: 8-380 and LaN/YbN: 0.02-0.07). 
Mean daily flux balance calculations at the basin scale show that during low flow conditions Gd only comes from the anthropogenic effluents. 
When flood events occur, the Gd anomaly progressively disappears and gives way to a chemical water signature, which is closer to that of 
natural REE sources in the basin (Gd/Gd*<1.4 and 0.11<LaN/YbN<1.5). 
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1. Introduction 
In heavily contaminated rivers, chemical elements currently considered to be undisturbed by human activities and used as 
tracers of continental crust derived material have become more and more involved in industrial or agricultural processes [1]. The 
global production of lanthanides (REE), used in industry, medicine and agriculture, for instance, has increased exponentially 
from a few tons in 1950 to projected 185 kt in 2015 [2]. Consequently, the gadolinium (Gd) and some related REE are now 
worldwide recognized as emergent micropollutants in river systems of the northern hemisphere [3]. Nevertheless, there is still a 
gap in knowledge about their temporal dynamics in rivers and, especially the quantification of both the anthropogenic and natural 
contributions to the surface waters of the human-impacted river basins has never been realized before. The acquisition of such 
quantitative information is of primordial interest for the management of water quality, because elements with both origins may 
present different bioavailability and toxicity levels. For instance, anthropogenic gadolinium (Gdant) results from the use of a very 
stable gadopentetic acid (Gd-DTPA) complex, used in magnetic resonance imaging in hospitals. This stability is illustrated by 
the persistence of Gdant in the real dissolved phase of the river water [4]. This property presents undeniable interest for the study 
of hydrological processes [5] [6]. To our knowledge the use of such a stable tracer in the dissolved phase is still not referenced 
for advanced research in the understanding of the hydrological functioning at a river basin scale and especially in the applications 
to basin disturbed by anthropogenic activity. 
There, we present the potential that Gdant and related REE could have to improve the understanding of hydrological processes 
in a heavily human-impacted river basin. We compare anthropogenic and natural REE fluxes at river basin scale. Additionally, 
we introduce the processes that control the REE composition of the river during different types of flood events. 
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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2. Methodological approach 
The upper part of the Alzette River basin in the Grand-Duchy of Luxembourg presents an area of about 250 km2. The basin 
can be divided into two parts according to its geological settings. The southern part consists of limestone facies (45% of the total 
area), while the northern part is characterized by an impermeable marly substratum (55% of the total area). From its source to the 
outlet of the basin the Alzette River counts four tributaries (T in table 1), two of them drain the limestone area and the two others 
the marly area. This region is known since 1875 for its industrial sites of important steel production [7]. It is also one of the most 
urbanized areas in Luxembourg and counts several waste water treatment plants (WWTP), which present treatment capacities 
ranging from 6,000 to 100,000 population equivalents (PE). The upper Alzette basin is monitored since 1995 for hydrological 
studies and the river, tributaries and WWTPs discharges can be calculated for 15 min time intervals. 
The water samples were collected in two different ways in order to fullfil the different research objectives. In order to 
evaluate, on the one hand, the REE composition of the different source end-members within the basin and, on the other hand, the 
anthropogenic contribution to the REE flux at the outlet of the upper Alzette River basin, waters were sampled during a same day 
in low flow conditions. For the characterization of REE end-member composition, we focused on the springwaters and 
streamwaters of the remote locations in the basin. For the estimation of the anthropogenic fluxes, the effluents of the WWTPs, 
the four tributaries (T) and the Alzette River (AO) were sampled at their outlets. The last objective was to determine the temporal 
dynamics of the REE in accordance of the river flow changes. For this purpose, several flood events were collected at the outlet 
of the basin (AO) as an integrated signal of the entire Alzette River basin. The flood events were sampled during two 
hydrological cycles in order to present a seasonal observation of the REE dynamics in the river waters. The river water was 
collected using ISCO© auto-samplers with a mean frequency of one hour between the samples for each flood event. The database 
we obtained contains about 150 samples. 
All sampled waters were filtered through <0.45 μm pore size Millipore filters. The obtained water fraction (real dissolved + 
colloidal) was acidified (HNO3 1%) and directly analyzed using a Perkin Elmer© DRCe ICP-MS. The detection limit for REE 
was always close to 0.7 ng L-1. Due to interference with BaO [8], we applied correction equations for Sm and Eu concentrations 
in the contaminated waters. 
The gadolinium anomaly (GdN/GdN*) and the related anthropogenic contribution of the gadolinium (Gdant) was estimated 
according to Kulaksiz and Bau [3] and references therein: 
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where Gd is the measured concentration in the samples, Gd* is the calculated natural concentration  and N means that the 
concentration is normalized to the Gd concentration of the international reference Post Australian Archean Shale (PAAS, 
Gd=4.66 ppm [9]). 
In order to illustrate the contribution of the REE end-members during the sampled flood events, we calculated mixing curves 
considering two-component mixtures between the identified end-members in the upper Alzette River basin. The calculations 
were made according to the approach proposed by Faure [10] and using Gd/Gd* and LaN/YbN. Four mixing curves were 
calculated: vegetation-WWTP considering the average value for the LaN/YbN ratio of the vegetation, limestone-WWTP 
considering the highest value observed for the LaN/YbN ratio of the limestone area, marls-WWTP considering both the highest 
and the lowest values observed for the LaN/YbN ratio of the marl area. 
3. Results 
3.1. Characteristics of the REE distribution patterns and origin of Gd 
The PAAS normalized REE distribution patterns of the filtered waters from the remote locations (not impacted by 
anthropogenic activities) present negative Ce anomalies (0.44–0.84) and HREE enrichments or depletions. LaN/YbN ratios of 
these more natural waters range from 0.1 to 0.3 (HREE enrichment only) in the streamwater of the marl region and from 0.3 to 
1.3 (HREE enrichment or depletion) in the springwaters of the limestone locations. 
During low flows, the distribution patterns of the filtered waters of the tributaries (downstream the WWTP) and the Alzette 
River (AO) show strong positive Gd anomalies (GdN/GdN* from 20 to 30) and HREE enrichments (LaN/YbN from 0.1 to 0.5). The 
Gd anomaly can be related to the REE characteristics of the WWTP effluents, which manifest the strongest GdN/GdN* (8-382). It 
is interesting to note that the WWTP effluents present in the same time significantly higher HREE enrichments (LaN/YbN: 0.02 to 
0.07). 
Ultrafiltration experiments on waters of the River Rhine clearly indicate that Gdant is exclusively present in the truly dissolved 
REE pool [3]. The Alzette data are in agreement with this suggestion since GdN/GdN* disappears with increasing discharge and 
concentration of soil-derived suspended solids. During the event of high discharge, GdN/GdN* reaches values of the surrounding 
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basin soils. The waters of the small Alzette tributaries, which have not been mixed up with waters from WWTPs, do not show 
the GdN/GdN*; this confirms earlier studies [11] [12] [13] and indicates that hospital-derived Gd enters via discharge from 
WWTP the Alzette River water. 
3.2. Gd fluxes at the Alzette River basin scale  
The daily fluxes of the total REE (ΣREE, calculated by using the sum of all the REE concentrations), Gd* and Gdant are 
estimated and given in table 1 for the outlets ofthe WWTPs , of the tributary sub-basins and of the entire basin. Calculations 
combined the mean daily discharge with the respective concentrations of REE measured during the same day at each sampling 
location. 
The balance between Gdant fluxes at the outlet of the basin (AO) and the sum of the fluxes that come from the tributaries (T) 
and the WWTPs is equilibrated during the studied period. 
 
Table 1: Daily REE fluxes calculated in the Alzette River basin during low flow conditions (in mg/day). ΣREE corresponds to the sum of the 
fluxes of all the REE, Gd* and Gdant are natural and anthropogenic gadolinium, respectively (calculated according to Bau and Dulski [11]). 
WWTP fluxes contribute to the T fluxes. 
 
 
Waste Water Treatment Plant 
(WWTP) 
Alzette River tributaries 
(T) 
 Alzette River basin outlet 
(AO) 
ΣREE 3513 4400  4333 
Gd* 58 90  97 
Gdant 2106 2124  2049 
 
As already observed previously, the effluents of the WWTPs present the highest concentrations of Gd in the basin. GdN/GdN* 
calculated for those installations are in accordance with the different studies on other contaminated rivers from the northern 
hemisphere since 1996 [11] [14] [15] [12]. The Gdant that comes from medical activities within the basin constitutes 60% of the 
REE that are released from the effluents of the WWTPs to the rivers. Without anthropogenic contribution, Gd* would only 
supply 5% of the WWTPs REE flux to the rivers. 
During low water stages, the WWTPs contribute to 80% of the total REE that are exported from the upper Alzette River basin. 
Gdant corresponds to 50% of this total REE flux. Consequently, mixing between the anthropogenic effluents and the river water 
only weakly dilutes the Gdant contamination originating from the WWTPs. 
 
 
Fig. 1: Relationship between the gadolinium anomaly (GdN/GdN* [11]) and the LaN/YbN ratio to determine the water end-members in the upper 
Alzette River basin in Luxembourg (colored squares). The dots correspond to samples collected during five different flood events, in winter 
flow conditions (white) and in summer flow conditions (grey for a less severe flood event and dark grey for a more severe one). The calculated 
mixing curves (grey, blue and green lines) are defined by two-component mixtures [10] between the WWTPs, the vegetation, the marl area and 
the limestone area. Vegetation data are from the literature (dashed green line [8] [16]) and from unpublished data (green square) in the upper 
Alzette River basin. 
 
3.3. Origin of REE in the Alzette River during flood events 
The GdN/GdN* vs. LaN/YbN plot allows to illustrate the relationship between increasing discharge, LREE enrichment and Gdant 
and to distinguish between REE sources (Fig. 1). The filtered waters collected during the Alzette River flood events plot in a 
triangle field defined by a LREE-depleted, Gdant-rich source (LaN/YbN: 0.02 and GdN/GdN*: 380) and LREE enriched sources 
without Gdant (LaN/YbN: 0.1-1.3 and GdN/GdN*: 1.3). The end-member with comparatively high LaN/YbN ratios is defined by 
sources on marl (LaN/YbN: 0.1-0.8) and limestone (LaN/YbN: 0.8–1.3) as well as vegetation-derived organic matter with LaN/YbN 
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ranging between 0.6 and 36 [8] [16] and unpublished data from the forests of the studied area. The Gdant-rich waters originating 
from the WWTPs have lowest LaN/YbN ratios and, thus, control not only the most important part of the Gd concentration but also 
the HREE/LREE fractionation in the filtered waters of the Alzette River. 
4. Discussion and Conclusion 
Like some other river systems in the northern hemisphere, the Upper Alzette River basin suffers from anthropogenic 
disturbance of the REE cycle. The medical activity in this region impacts drastically the Gd concentrations of the river. During 
low flows, all the Gd exported from the basin comes from the release of the WWTPs, which also control the HREE/LREE 
fractionation during these hydrological conditions. The very low LaN/YbN ratios of the WWTP effluents might be due to the 
retention of LREE by phosphate- and organic matter-rich residual sludge leaving behind LREE-depleted discharged solutions. 
The Gd is clearly not retained by these residual phosphate and organic matter-rich residual phases. The trend from highly Gd 
contaminated waste waters with low LaN/YbN ratios to less Gd-rich waters with slightly higher LaN/YbN ratios appears to be 
correlated with the size of the purification station, the catchment size and the population density in the catchment. 
GdN/GdN* and LaN/YbN behave differently in function of dissolved organic carbon (DOC) concentrations in the WWTP 
effluents and in the Alzette river. These two parameters decrease with decreasing DOC in the WWTP effluents, whereas 
LaN/YbN increases with increasing DOC and discharge in the Alzette River. When the river discharge increases, GdN/GdN* and 
HREE enrichment progressively disappear and the REE distribution patterns become similar to those of the corresponding 
suspended loads, which is enriched in organic matter resulting  from decomposition of the vegetation at the surface of the basin’s 
soils. This suggests that, during high water stage, the filtered waters of the Alzette River and its tributaries become enriched in 
<0.45μm suspended sediments, which also dilute the Gdant signal. The REE signature of the winter flood event waters evolve 
similarly, whereas the summer conditions bring to very distinct evolution in function of the activation of the different runoff-
contributive parts in the basin. 
Further development will be made in order to quantify the anthropogenic contribution in function of the river flow conditions 
in combining this end-member diagram with approaches proposed by experimental hydrologists. 
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